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Computational investigations of a new prosthetic
femoral-popliteal bypass graft design
Thomas Patrick O’Brien, PhD,a Pierce Grace, FRCSI,b Michael Walsh, PhD,a Paul Burke, FRCS,b
and Timothy McGloughlin, PhD,a,c Limerick, Ireland
Objective: Prosthetic femoral-popliteal bypasses are performed by using an end-to-side anastomosis, and disease can
develop at the distal end; this can lead to poor long-term patency rates. Disturbed flow characteristics are hypothesized
as being a major factor in promoting disease development. The objective of this study was to propose a new prosthetic
femoral-popliteal bypass graft configuration specifically engineered to reduce or eliminate certain disease-influencing
factors that act on the host artery.
Methods: The proposed device contains a streamlined bifurcation toward its distal end that results in two end-to-end
anastomoses, rather than the single end-to-side anastomosis in the traditional procedure. Comparisons are made between
idealized representations of it and the traditional end-to-side anastomosis for specific femoral artery flow rates.
Qualitative results in the form of velocity vector plots and wall shear stress contour plots are compared, and quantitative
results examine the wall shear stress magnitudes and gradients along the bed and roof of each graft model.
Results: Velocity vector plots through each junction suggest that the proposed graft configuration promotes streamlined
flow and helps to reduce the magnitude of flow recirculation and separation regions associated with the traditional
end-to-side anastomosis. At peak velocity, the flow separation region distal to the toe is eliminated, as evidenced by the
change in toe wall shear stress from 0.2 Pa in the traditional anastomosis to 0.5 Pa in the proposed device. Normal
fully developed flow occurs sooner in the distal host artery, approximately 15 mm downstream from the toe, unlike 20 mm in
the conventional case. The proposed design results in reductions of up to 58% in peak wall shear stress and 86% in peak wall
shear stress gradient during the decelerative phase of the femoral pulse in the vicinity of the artery bed below the toe.
Conclusions: In vitro tests on the proposed device suggest that the streamlined nature of blood flow through the junction
does result in less disturbed hemodynamic conditions within the host artery junction. Abnormal wall shear stress
magnitudes and gradients are reduced, and normal fully developed flow occurs sooner in the distal host artery. This
suggests that the proposed graft may have design attributes that are relevant in the search for increased prosthetic
femoral-popliteal bypass graft patency rates. A drawback of the proposed device is that significant flow recirculation and
separation exist within the prosthesis itself. ( J Vasc Surg 2005;42:1169–75.)
Clinical Relevance: The search for a viable alternative to traditional end-to-side anastomosis for prosthetic femoral-
popliteal bypass procedures is ongoing. Prosthetic femoral-popliteal bypass procedures have low long-term patency rates,
and there is a need for methods that increase the life span of the procedure. Although research is progressing on a variety
of different fronts, this study is significant in that it reports on in vitro tests on a potential device that may increase bypass
patency. The device is simple, may be manufactured from clinically proven materials, does not require any additional
training in its use, and combines attributes of end-to-side anastomoses with those of end-to-end anastomoses. In addition, the
design concept behind the device, the natural bifurcation, may be relevant in other aspects of cardiovascular surgery.The long-term patency rate of prosthetic femoral-
popliteal bypass grafts remains low. Studies have reported
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doi:10.1016/j.jvs.2005.08.0163-year primary patencies of 43%1 for direct distal-end pros-
thetic infrapopliteal bypasses and 45%2 for below-knee
prosthetic femoral-popliteal bypasses and 5-year primary
patencies of 41%3 for prosthetic distal-end infrainguinal
bypasses. Above-knee prosthetic femoral-popliteal bypass
procedures for intermittent claudication have reported
2-year primary patencies of 58%.4 Extensive research has
been conducted on bypass grafts with a view to establishing
how their long-term patencies may be improved. Previous
work has focused on investigating disease-formation mech-
anisms5 with a view to determining what factors influence
disease and how these factors may be controlled.6 Numer-
ous theories have been suggested as to the contributory
factors in device failure. High, low, and oscillating wall
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theories surrounding the issue of surgical injury and graft/
artery material mismatch.
Previous studies have sought to reduce the degree of
disturbed hemodynamic flow and material mismatch in the
end-to-side anastomosis.7,8 Miller cuffs have been used to
buffer the material mismatch between the stiff graft and the
compliant artery while increasing the junction volume.9,10
Variations on this theme include the Taylor patch, which
was developed to decelerate the flow and buffer the mate-
rial mismatch,11 and the Linton patch, which buffers the
mismatch.
In vivo studies have suggested that the end-to-end
anastomosis, although it is a more difficult procedure to
perform, can lead to longer patency rates12-14. However,
complications remain because of the effect on blood supply
to collateral arteries proximal to the anastomosis. Also,
should the graft occlude, distal perfusion is no longer
possible.
Although material mismatch exists between the stiff
graft and the compliant artery in the end-to-end anastomo-
sis, the disturbed flow nature is reduced. Physiologically
realistic fully developed flow may pass through the anasto-
motic region, unlike the disturbed flow with its associated
flow separation, stagnation, and recirculation regions in the
end-to-side anastomosis. Indeed, it has been argued from
in vitro tests that the hemodynamics of the end-to-side
anastomosis are primarily responsible for the onset of dis-
ease, eventually leading to graft failure.15,16
Bearing the results of these previous studies in mind
while attempting to develop a new treatment is critical to
understanding the proposed solution. The proposed device
sought to achieve two main objectives: (1) to eliminate the
disease-prone bed from the junction and (2) to streamline
the flow through the junction, thereby reducing the vol-
ume of the toe flow separation region and peak WSS acting
on the host artery distal to the toe. To achieve this, the
natural bifurcation bypass graft device was proposed. This
device sought to replace the end-to-side anastomosis with
two end-to-end anastomoses by using a streamlined bifur-
cating junction. In addition, the new device eliminates the
bed from the junction, replacing it instead with the type of
bifurcation naturally found in the vascular system. The
device is surgically feasible, may be manufactured with
commercially available materials, eliminates several disease-
influencing factors, and does not impede proximal outflow.
The objective of this study was to quantify, by using in
vitro methods, the effect, if any, on the magnitudes of some
disease-influencing factors in an idealized model of the new
device and to compare it with the traditional 45° end-to-
side anastomosis.
MATERIALS AND METHODS
The objective of this study was to propose a new de-
sign specifically engineered to streamline the flow through
the graft/artery junction, thereby minimizing disease-
influencing hemodynamic disturbances. First, the stream-
lined junction design is described. A computational solidmodel of the design is then created, and, after application of
relevant boundary conditions and properties, solved nu-
merically. Relevant results may then be investigated to
establish whether the design yields significant differences
over the conventional design.
Device design. Fig 1 presents the device under inves-
tigation in this study (patent pending). The implantation of
the device is described as follows: (1) a cut is made across
the host artery; (2) the exposed artery ends are separated,
and the device is introduced; and (3) proximal and distal
end sutures are then used to attach the graft to the host
artery. The proximal leg of the graft supplies blood to the
host artery upstream from the junction. Fig 1 also shows
the computer solid model of the proposed device for use in
the numeric investigations.
Solid modeling. The device was modelled in Gambit
2.0 (Fluent Europe) and consisted of a 6-mm-diameter
graft sutured to a 6-mm-diameter host artery at an anasto-
motic angle of 45°. Tubes with 15-mm radii of curvature
were used to streamline the straight artery inlet section into
Fig 1. A schematic of the implanted device together with the
idealized model of the bypass junction. The schematic shows the
suggestion of how the graft may be implanted into the host artery.
The host artery is cut, the exposed ends are separated, and the graft
is introduced. The graft is attached with proximal and distal
end-to-end sutures. The idealized model of the schematic has an
internal diameter of 6mm throughout and an anastomotic angle of
45°, and all curves in the plane shown have a radius of curvature of
15 mm.the proximal and distal host arteries.
n eac
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were meshed by using approximately 155,000 quadrilateral
elements with a mean cell size of 0.33 mm and exported to
Fluent 6.0 (Fluent Europe, Sheffield, UK). Grid indepen-
dence was established for x-direction WSSs and fluid veloc-
ity profiles to within 2% of the limiting values. A laminar
flow segregated solver incorporating the Quadratic Up-
wind Interpolation for Kinematics (QUICK) momentum
scheme and the pressure implicit with splitting of operators
pressure-velocity coupling was used. The time step size was
0.005 seconds, and this gave a total of 200 steps over the
course of the pulse. A flat velocity profile was applied at the
inlet, and the length of the inlet section allowed it to
develop before entering the junction. Rigid walls were
assumed for the model,16,17 and the no-slip condition was
applied at the walls.
Boundary conditions.  A femoral artery pulse17 was
applied at the graft inlet at a frequency of 1 Hz. Blood was
modelled as a newtonian fluid with a viscosity of 0.004 Pa-s
and a density of 1060 kg/m3. The peak Reynolds number
for the pulse is 320, thus indicating that laminar fluid flow
is occurring. The flow rate through the proximal leg was set
to 0, thereby neglecting the effects of retrograde flow. A
previous study on the conventional bypass18 found that
whereas retrograde flow had a significant effect on the
quantitative WSS magnitudes and gradients (WSSG), the
qualitative results were similar. A stagnation point re-
mained on the artery bed, and the proximal artery retained
Fig 2. Center-plane velocity vectors at the maximum, V
seconds), velocities for the two models. Flow recircula
maximum flow in the conventional model (left). At both
for the conventional model, whereas for the proposed
Significant changes in the nature of the flow separation ia significant flow recirculation region.Results of interest. Previous work has identified sev-
eral critical times in the physiologically realistic femoral
pulse and several significant measurements that may be
taken to compare a specific bypass graft with another.17
 0.14 seconds), and mean deceleration, VMd (t 0.26
stagnation, and separation regions are shown during
s, there is evidence of a sudden change in fluid direction
ce, there is a more gradual change in flow direction.
h model are also evident.
Fig 3. Contour plots of wall shear stress (WSS) acting along the
bed of the host artery downstream from the anastomoses during
the maximum and mean deceleration phases. The view was taken
by rotating the models through 45° about the host artery center
line. Regions of high WSS are identifiable along the bed of the
traditional anastomosis (left). There are more gradualWSS changes
in the proposed device, although at the apex of the proposed graft,
high gradients are evident.Max (t
tion,
time
deviThe maximum (t  0.14 seconds) and mean decelerating
ax, M
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most significant. It has been previously shown that themost
abnormal junction hemodynamics occur during the mean
decelerating time, when the decelerating fluid is most un-
stable. Several results of interest may be acquired from the
flow simulations. WSS has been previously cited as having a
significant effect on the development of intimal hyperplasia
on the bed, heel, and toe of the host artery.5 WSSG is also
important, along with the normalized WSS (NWSS).11
These quantities may be used to compare in vitro models of
different graft configurations with each other with a view to
finding which graft produces the least disturbed hemody-
namic conditions.
In vitro comparisons. To assess the new graft design,
in vitro comparisons of the design were made to the tradi-
tional end-to-side bypass graft. The traditional 45° graft has
been previously discussed in detail elsewhere11,19 and so
forms a suitable benchmark from which to assess new
designs.6 A single variable, namely, the geometry, was
assessed in this study. Blood properties, boundary condi-
tions, and graft/artery angle were maintained consistent
throughout the study, as were the numeric solution meth-
odologies. Two classifications of comparison were made.
The first compared the qualitative data or the global flow
conditions occurring in the two junctions, and the second
classification examined the quantitative data or local flow
Fig 4. Velocity profiles through the two models. Fully
section. The significant difference in how the blood flows
of skewness and recirculation within the graft itself. Ho
than in the traditional case at both times of interest. VMconditions in the geometry.RESULTS
Qualitative results. The center-plane velocity vectors
through the natural bifurcation are shown in Fig 2 together
with the flow patterns associated with the traditional end-
to-side anastomosis. The traditional junction is character-
ized by high-velocity blood impinging on the bed of the
host artery, resulting in a large flow recirculation region
proximal to the anastomosis and a flow separation region
distal to the toe. A stagnation point also occurs at the bed of
the host artery. In the natural bifurcation model, similar
flow patterns are observed, although with less severity,
particularly during the deceleration phase. It is noted that
the toe flow separation region in the natural bifurcation is
smaller when compared with the traditional anastomosis,
particularly during the maximum phase of the pulse. Also,
during the mean deceleration phase, it is seen that the fluid
velocities impinging on the bed of the host artery are
reduced by the natural bifurcation.
Although reductions in the nature of the disturbed flow
in the distal host artery are evident from the plots, undesir-
able effects are occurring within the proposed graft. A large
recirculation region is present in the proximal leg along
with flow separation in the distal leg during the decelerative
phase. These flow disturbances may affect thrombus depo-
sition within the prosthetic graft.
Fig 3 illustrates the effect that these flow profiles have
loped flow enters the junctions from the straight graft
gh the junction is evident here, with a significant degree
, the flow, on reaching the host artery, is less disturbed
aximum velocity; VMd, mean deceleration velocity.deve
throu
weveron the bed wall shear. It is clearly evident that during both
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significantly higher WSSs acting on the host artery bed
when compared with the natural bifurcation. During the
maximum phase, the peak WSS acting on the host artery
bed is approximately 3.2 Pa, as opposed to 2.0 Pa in the
natural bifurcation model. During the decelerative phase,
the results are approximately 1.8 and 1 Pa, respectively.
The final qualitative examination involves the recovery
of the flow distal to the toe of the anastomoses. Fig 4
illustrates the flow profiles through the prosthesis and the
recovery of the flow at 5-mm intervals from the toe cross
section for both models. The natural bifurcation model
exhibits better flow recovery than the traditional junction
for both times of interest.
In general, the qualitative results show that the natural
bifurcation has a significant influence on the flow patterns
through the junction. The flow is more streamlined than in
the traditional anastomosis; the consequence of this is
reduced shear stresses acting along the host artery. Because
of the streamlined nature of the flow, faster recovery to
normal behavior also occurs. However, undesirable flow
disturbances occur within the graft itself.
Quantitative results. Further assessment of the
model may be made by quantifying the WSS and WSSG
acting along the bed of the artery. The qualitative results
showed how the natural bifurcation creates a more natural,
streamlined flow through the junction and how these
streamlined flow patterns can reduce theWSS from the flow
impingement on the artery bed.
Fig 5 shows the quantitative WSS and WSSG data
acting along the bed of the traditional and the natural
Fig 5. Quantitative wall shear stress (WSS) and wall she
line relative to the graft toe during themaximum andmea
of the toe suture line, there is a marked decrease in pea
suggest that the flow in the proposed device develops soo
graft.bifurcation models relative to the toe in the distal hostartery. In a normal healthy artery (fully developed flow
downstream from the anastomosis), the WSS is approxi-
mately 1.35 Pa at maximum velocity and 0.07 Pa at mean
decelerating velocity, whereas the WSSG is less than 1
Pa/m. The proposed device should result in returning the
WSS and WSSG toward these values.
In general, the magnitudes of abnormal WSS and
WSSG are reduced in the natural bifurcation model when
compared with the traditional junction. The main excep-
tion is on the apex of the bifurcation, where the WSS and
WSSG may be higher, although over a small localized area.
Downstream from the apex, during the peak phase of the
pulse, no stagnation point is evident, and there is a 17%
reduction in the peak WSS from 3.06 to 2.53 Pa in the
natural bifurcation model. The peak WSSG is reduced by
53%, from 1055 to 498 Pa/m. The most significant
changes are noted during the decelerative phase. The peak
WSS reduces 58%, from 2.07 to 0.874 Pa, and the WSSG
peak reduces 86%, from 927 to 127 Pa/m. These are
particularly dramatic changes downstream from the apex
and show how streamlining the junction can lead to less
abnormal WSS and WSSG for bypass grafts.
Although the change in the WSS plot during the max-
imum phase in the pulse is not particularly significant,
greater differences are yielded during the decelerative phase.
It can be seen that the area under the natural bifurcation
curve is greatly reduced.
Consideration of theWSSG plots also shows significant
differences. There is a dramatic reduction in the area under
the curves for the natural bifurcation model. In a healthy
idealized artery model, the WSSG will be close to 0 Pa/m,
ss gradient (WSSG)measurements along the bed center
elerating phases in the pulse. At both times in the vicinity
S magnitudes and gradients. Also, there is evidence to
the host artery because of the streamlined nature of thear stre
n dec
k WS
ner inas shown downstream from the junction (0.03 m). The
flow
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magnitude by the streamlined effect.
Finally, theWSS acting along the roof of the host artery
distal to the toe is quantified. Fig 6 shows the results and
confirms the fact that the streamlined nature of the natural
bifurcation junction serves to decrease the size of the flow
separation region distal to the toe. Indeed, it is evident
during the maximum phase that no flow separation occurs
in the natural bifurcation model, unlike in the traditional
anastomosis model. During the decelerative phase, flow sep-
aration occurs in bothmodels distal to the toe; however, the
region in the natural bifurcation model is slightly smaller.
DISCUSSION
A new method for the implantation of prosthetic
femoral-popliteal bypass grafts has been proposed, and pre-
liminary evaluations have been performed by using in vitro
methods. The device seeks to address some of the major
weaknesses in the traditional end-to-side bypass graft.
The end-to-side anastomosis has been the subject of a
significant body of research, both by the scientific20,21 and
surgical22,23 communities. Numerous clinical studies have
been undertaken to evaluate the long-term patency rates of
the traditional anastomosis, and various methods attempt-
ing to prolong the patency have been proposed.
Previously reported studies on the end-to-end anasto-
mosis have reported patencies similar to or higher than
those of the end-to-side anastomosis for synthetic grafts,2,13
although the end-to-end anastomosis is not without its
drawbacks. In designing this graft, an end-to-end anasto-
mosis was deemed preferable to an end-to-side anastomo-
sis. The proximal leg of the proposed design enables sur-
geons to perform a second end-to-end suture to the
proximal host artery, thereby generating a blood supply
result similar to that in the traditional end-to-side anasto-
mosis.
During peak flow, the proposed device has been found
to streamline the flow to such an extent as to reduce peak
WSS magnitudes and WSSGs in the host artery by 17% and
53%, respectively. Flow separation along the roof of the
host artery distal to the toe has been eliminated. During the
Fig 6. Wall shear stress (WSS) plot on the roof down
separation region by the natural bifurcation. At t  0.14
host artery, whereas at t  0.26 seconds, the size of thedecelerative phase, the peak WSS magnitudes and WSSGsare further reduced by 58% and 86%, respectively, with a
slightly smaller toe flow separation region.
A weakness of the proposed design lies in the fact that it
does not provide any buffer for material mismatch between
the stiff graft and the compliant artery. Although the debate
continues, it is argued that correcting the abnormal hemo-
dynamics in the end-to-side anastomosis is more critical
than addressing the issue of material mismatch.15 Never-
theless, this design would be capable of incorporating a
section of vein between the graft and the host artery to
enable a degree of material buffering. An additional weak-
ness lies in the fact that although the initial perfusion would
be similar to that of an end-to-side anastomosis, if the
prosthetic graft occluded, both the bypass pathway and the
original pathway might become occluded.
Several limitations exist in this study. Shear stress and
flow disturbance can affect platelet aggregation and throm-
bus deposition in prosthetic grafts; however, little insight
was attained in this study as to how the flow structures
created within the bifurcation region of the graft will influ-
ence potential thrombus development. A previous study
comparing in vitro with in vivo bypass graft models found
that low WSSs resulting from diverging graft sections can
lead to increased intimal hyperplasia development inside
polytetrafluoroethylene grafts.5 In addition, because of the
unresolved debate surrounding disease-formation mecha-
nisms, it is not possible to specify the potential benefits of
this device in vivo, without animal or clinical evidence. The
study thus far merely indicates that this design concept may
have potential; this is founded on the fact that the novel
bifurcation does result in more streamlined flow, unlike
what exists in the traditional case, and that streamlined flow
is less physiologically abnormal than disturbed flow.
A further limitation of this study lies in the idealization
of the models. Realistic end-to-side anastomoses are vari-
able in terms of anastomotic angles, out-of-plane curvatures,
graft/artery calibers, flow rates, and lumen surfaces.12,20
Indeed, previous studies have found significant differences
between idealized models and realistic ones acquired from
computed tomography or magnetic resonance angiogra-
m from the toe illustrating the reduction in the flow
nds (left), no separation is evident along the roof of the
separation region is reduced.strea
secophy.6 This study shows the main flow characteristics of two
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variability would exist in an in vivo case.
No conclusions may be drawn as to the clinical poten-
tial of the proposed device. Because the proposed device
may be constructed from currently available graft materials,
it is reasonable to expect that animal and clinical trials on
the device could progress with minimal delay to determine
clinical efficacy, if any. Because the device relies on two
end-to-end sutures, it is surgically feasible, although a
significant increase in graft patency may be required to
justify the increased surgical effort. Although limited, this
study does serve to illustrate how a novel design can lead to
a reduction in some of the abnormal flow disturbances
experienced by the distal host artery in an idealized model
of a prosthetic femoral-popliteal bypass graft procedure.
CONCLUSIONS
A new approach to femoral-popliteal peripheral bypass
graft junction design has been proposed, and preliminary
evaluations have been performed by using an in vitro tech-
nique. The design exhibits a reduction in the disturbed flow
experienced by the distal host artery. However, undesirable
flow disturbances are noted within the prosthetic graft
itself. Implantation of the device is surgically feasible, and
the device may be manufactured from currently available
materials. A variety of different configurations of the device
exist, and the device may be adaptable to various surgical
scenarios.
REFERENCES
1. Fichelle JM,Marzelle J, Colacchio G, Gigou F, Cormier F, Cormier JM.
Infrapopliteal polytetrafluoroethylene and composite bypass: factors
influencing patency. Ann Vasc Surg 1995;9:187-96.
2. SchoutenO,HoedtMTC,Wittens CHA,HopWCJ, van SambeekMR,
van Urk H, et al. End-to-end versus end-to-side distal anastomosis in
femoropopliteal bypasses; results of a randomised multicenter trial. Eur
J Vasc Endovasc Surg 2005;29:457-62.
3. Thomas B, Lacroix H, Nevelsteen A, Suy R. Factors influencing patency
of infrainguinal bypasses with polytetrafluoroethylene. Acta Chir Belg
1999;99:236-40.
4. Aune S, Laxdal E. Above-knee prosthetic femoropopliteal bypass for
intermittent claudication. Results of the initial and secondary proce-
dures. Eur J Vasc Endovasc Surg 2000;19:476-80.
5. Loth F, Jones SA, Zarins CK, Giddens DP, Nassar RF, Glagov S, et al.
Relative contribution of wall shear stress and injury in experimental
intimal thickening at PTFE end-to-side arterial anastomoses. J Biomech
Eng 2002;124:44-51.6. O’Brien T, Walsh M, McGloughlin T. On reducing abnormal hemody-
namics in the femoral end-to-side anastomosis: the influence ofmechan-
ical factors. Ann Biomed Eng 2005;33:309-21.
7. Taylor RS, Loh A, McFarland RJ, Cox M, Chester JF. Improved
technique for polytetrafluoroethylene bypass grafting: long-term results
using anastomotic vein patches. Br J Surg 1992;79:348-54.
8. Stonebridge PA, Prescott RJ, Ruckley CV. Randomised trial comparing
infrainguinal polytetrafluoroethylene bypass grafting with and without
vein interposition cuff at the distal anastomosis. J Vasc Surg 1997;26:
543-50.
9. Piorko D, Knez P, Nelson K, Schmitz-Rixen T. Compliance in anasto-
moses with and without vein cuff interposition. Eur J Vasc Endovasc
Surg 2001;21:461-6.
10. Worth Longest P, Kleinstreuer C, Archie JP. Particle hemodynamics
analysis of Miller cuff arterial anastomosis. J Vasc Surg 2003;38:1353-62.
11. Walsh MT, Kavanagh EG, O’Brien T, Grace PA, McGloughlin T. On
the existence of an optimum end-to-side junctional geometry in periph-
eral bypass surgery—a computer generated study. Eur J Vasc Endovasc
Surg 2003;26:649-56.
12. Fillinger MF, Kerns DB, Bruch D, Reinitz ER, Schwartz RA. Does the
end-to-end venous anastomosis in high output arteriovenous grafts?. J
Vasc Surg 1990;12:676-90.
13. Hoedt MTC, van Urk H, Hop WCJ, van der Lugt A, Wittens CHA. A
comparison of distal end-to-side and end-to-end anastomoses in femo-
ropopliteal bypasses. Eur J Vasc Endovasc Surg 2001;21:266-70.
14. Velinovic MM, Davidovic BL, Lotina IS, Vranes RM, Djukic LP, Arsov
JV, et al. Complications of operative treatment of injuries of peripheral
arteries. Cardiovasc Surg 2000;8:256-64.
15. O’Brien T, Morris L, Walsh M, McGloughlin T. That hemodynamics
and not material mismatch is of primary concern in bypass graft failure:
an experimental argument. J Biomech Eng 2005;127:881-86.
16. Henry FS, Collins MW, Hughes PE, How TV. Numerical investigation
of steady flow in proximal and distal end-to-side anastomoses. J Bio-
mech Eng 1996;118:302-10.
17. Lei M, Archie JP, Kleinstreuer C. Computational design of a bypass
graft that minimises wall shear stress gradients in the region of the distal
anastomosis. J Vasc Surg 1997;25:637-46.
18. Kute SM, Vorp DA. The effect of proximal artery flow on the hemody-
namics at the distal anastomosis of a vascular bypass graft: computa-
tional study. J Biomech Eng 2001;123:277-83.
19. Lei M. Computational fluid dynamics analyses and optimal design of
bifurcating blood vessels [PhD thesis]. Raleigh, NC: North Carolina
State University Press; 1995.
20. Leuprecht A, Perktold K, Prosi M, Berk T, Trubel W, Schima H.
Numerical study of hemodynamics and wall mechanics in distal end-to-
side anastomoses of bypass grafts. J Biomech 2002;35:225-36.
21. Ballyk PD, Walsh C, Butany J, Ojha M. Compliance mismatch may
promote graft-artery intimal hyperplasia by altering suture-line stresses.
J Biomech 1998;31:229-37.
22. Gentile AT, Mills JL, Gooden MA, Hagerty RD, Berman SS, Hughes
JD, et al. Vein patching reduces neointimal thickening associated with
prosthetic graft implantation. Am J Surg 1998;176:601-7.
23. Lemson MS, Tordoir JHM, Daemen MJAP, Kitslaar PJEHM. Intimal
hyperplasia in vascular grafts. Eur J Vasc Endovasc Surg 2000;19:336-50.Submitted May 25, 2005; accepted Aug 19, 2005.
